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flbjectives.We testedthe hypothesisthat C-typenatriuretic
peptide(CNP)mediatescorouaryvasodilationthroughactivation
ofcyclicguanosinemonophosphate(cGMP)bywayofparticulate
guanylateyclaseo
Background.CNPhas knownperipheralvasodilatorproper-
ties,andpreliminarydatahavesuggestedthat it canfunctionas
a coronaryvasodilator.
Methods.The actionsof CNPwerestudiedin instrumented
dogsandin organchamberingsin thepresenceandabsenceof
a knownantagonisto particulategnanylate yclase,HS-142-1.
Additionally,theactionsofHS-142-1weretestedonacetylcholine-
mediatedcoronaryvasodilation,andimmunohistochemicalst in-
ingwasutilizedto localizethepresenceofCNPin thecoronary
endothelium.
Results.CNPrelaxedisolatedcoronaryarterieswith(mean&
SEM45.9* 7%*)and without(72.0& 7%*7)an endothelium
(*P<0.05forCNPeffectalone,~p<0,05forendotheliumVS.no
endotheliumwithCNP).Intracoronaryinfusionsincreasedcoro-
narybloodflow(baseline,64.6k 5.1ml/min;CNP-5,79.9&6.1*;
C-typenatriureticpeptide(CNP)is a recentlydescribed22-
aminoacidvasoactivepeptide(l). CNP representsthe third
memberof a familyofstructurallyhomologousbutgenetically
distinctpeptidesthat includesatrial(ANP)and brain (BNP)
natriureticpeptides(2). It relaxesisolatedperipheralarteries
andveins(3)andreducescardiacpreloadandarterialpressure
in the absenceofanychangeinrenalsodiumexcretion(4,5).It
alsoinhibitsserum-mediatedvascularsmoothmuscleprolifer-
ation(6).AlthoughCNPsharesmanyof the actionsof ANP,
the majordistinctionbetweenthe two peptidesis that CNP
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CNP-20,103.3& 13.6*[*P < 0.05vs. baselinevalue])and
reducedcoronaryvascularresistance(baseline,1.6 & 0.3 mm
Hg/mlper rein;CNP-5,1.4A 0.3*;CNP-20,1.2& 0.3*).Intra-
coronaryinjectionsincreasedcoronarybloodflow(A baseline
coronaryflow,30 f 9* ml/min[*P< 0.05]).HS-142-1signifi-
cantlyattenuatedthese increases(A coronaryflow,30 & 9*
ml/min[CNP]to14A6t [CNP+ HS-142-1][~pc 0.05CNPvs.
CNP+ HS-142-1])and the relaxationof organchamberrings
(56&7%[CNP]to 18&6%7[HS-142-1+ CNP]).Finally,CNP
waslocalizedto thecoronaryendotheliumandsmoothmuscleby
immunohistochemicalstaining,
Conclusions.CNP tlmctionsas a coronaryvasodilatorthrough
activationofcGMPbywayofparticulateguanylateyclase.CNP-
mediatedcoronaryvasodilationisattenuatedbyintracoronaryHS-
142-1.IntracoronaryHS-142-1doesnotaffectacetylcholine.mediated
coronaryvasodilation.Theseobservationssupporta roleforexoge-
nousCNPas a potentcoronaryvasodilator,
(JAm CoilCardiol1996;28:1031-8)
does not act as a mediator for natriuresis.The lack of
CNP-mediatednatriuresisoccursin part becauseCNP and
ANP bind to differentreceptors(7). CNPis the ligandfor a
particulateguanylateeyclase-linkedreceptor knownas the
NPR-B receptor (2,7). The NPR-B receptor is genetically
distinctfromthe receptor(NPR-A)for ANP and BNP.The
NPR-Breceptoris preferentiallyexpressedin cardiactissue
and vascularsmoothmuscle,whereasthe NPR-Areceptoris
highlyexpressedin the kidney(8).Recently,Stingoet al. (9)
andSugaet al. (10)reportedthat endothelialcellssynthesize,
store and releaseCNP,demonstratingthat CNP is of endo-
thelial cell origin (11). In addition,Wei et al. (12) have
demonstratedthe presenceof CNP in the humanheart and
microcirculation.
Studies(13)haveemphasizedthe importanceof endothe-
lialcell-derivedvasodilatorslikenitricoxide,endothelialcell
hyperpolarizationfactorand prostacyclinas potent coronary
vasodilators.The localizationof the CNPreceptorto cardiac
tissueand vascularsmoothmuscleand the observationthat
CNPis of endothelialcelloriginsuggesta potentialrole for
CNP as a vasodilatorfor the coronarycirculation.We (14)
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AbbreviationsandAcronyms
ANP = atrialnatriureticpeptide
BNP = brainnatriureticpeptide
cGMP = cyclicguanosinemonophosphate
CNP = C-typenatriureticpeptide
dP/dt = firstderivativeof leftventricularpressure
ED50 = medianeffectivedose
LNMMA= N“-monomethyl+-arginine
LV = leftventricular
havereportedprelimina~datasuggestingthat CNPfunctions
as a coronaryvasodilator.
The current”investigationwas undertakenwith several
objectives.We soughtto determine1) whetherCNP relaxes
preconstructedepicardialcaninecoronaryarteries,2) whether
CNP functionsas a coronaryvasodilatorwith associated
alterationsincardiacfunction,3)howthecoronarynitricoxide
andparticulateguanylatecyclasesystemsaffectCNP-mediated
coronaryvasodilation,and4)whetherCNPcanbe localizedto
the coronaryendotheliumby immunohistochemicalstaining.
Methods
Studieswere conductedin isolatedcoronaryarteriesob-
tainedfromnormaldogsfor the organchamberpreparations
and in anesthetizeddogsfor the in vivoprotocols.
Organ chamber protocol.Rings of epicardialcoronary
arteries (left circumflexand left anterior descending)were
obtainedfrom fivenormalmongreldogsand suspendedin
organchambersfilledwithaerated (95’%oxygen,5’ZOcarbon
dioxide),modifiedKrebs-Ringerbicarbonatesolutionof the
followingcomposition:(in millimolfliter118.3NaCl,4.7KC1,
2.5 CaC12,1.2 MgS04, 1.2 KH2P04,25.0 NaHC03, 0.026
CaNa2EDTAand 11.1dextrosecontrolsolution)at 37°C.In
halfofthevesselrings,theendotheliumwasremovedbygently
rubbingthe intimalsurfacewith a cotton swabwettedwith
controlsolution.Eachringwasstretchedto the optimalpoint
on its length-tensioncurve as determinedby the maximal
tensiondevelopedto potassiumchloride(20millimol/liter)at
eachlevelof stretch.The functionalpresenceof endothelium
was determinedat the beginningof the experimentby a
relaxationresponseto acetylcholine(10–6molfliter)duringa
contractionto PGF2a(2 X 10-6molfliter)at optimallength.
To studyresponsesto CNP, the ringswere contractedwith
PGF2a(2 x 10-6mol/liter).A dose-responsecurveto cumu-
lativeconcentrationsofCNP(10-10molfliterto 3 X 10-6mol/
liter) was obtained,and finalresultswere obtainedutilizing
10-7molfliterCNP.For fivestudiesinvolvingthe particulate
guanylatesystem,a novelinhibitor,HS-142-1,wasutilizedat a
concentrationof 10-5 molfliterHS-142-1togetherwith 10-7
mol/literCNP.The followingdrugswere used:acetylcholine
chloride(SigmaChemicalCorporation),humanCNP-22(Pen-
insulaLaboratories),potassiumchloride(Sigma)and PGF2.
(Sigma).HS-142-1was providedby two of the investigators
(M.K., Y.M.). All drugs were dissolvedin distilledwater
immediatelybeforethestudy,andtheconcentrationsreported
representthefinalmolarconcentrationsin theorganchamber.
Invivoprotocol,Thefirstinvivostudywasconductedinsix
malemongreldogsweighingbetween17and22kg.Beforethe
dayof study,the dogswerefastedovernightbut allowedfree
accessto tap water. They were anesthetizedwith sodium
pentobarbital(30mg/kgbodyweightintravenously)and ven-
tilatedwithroomair and supplementaloxygenat 4 liters/rein
(HarvardRespiratory).Afterinductionofanesthesia,eachdog
underwenta leftthoracotomyto exposetheanteriorwallofthe
leftventricle.One centimeterof the proximalleft circumflex
coronaryartery was carefullydissectedfree of surrounding
tissue.A calibratedelectromagneticflowprobewaspositioned
on theproximalcircumflexcoronaryarteryandconnectedto a
flowmeter (modelFM 5010,CarolinaMedicalElectronics,
Inc.) for measurementof coronaryblood flow.At least 30
minutesoftimewasallowedto elapseto ensurestabilityof the
preparationand consistencyof baselinecoronaryflow.All
measurementswith the flow probe were validatedby an
occlusivezeromeasurementat thebeginningoftheprocedure,
andactualflowvalueswerecomparedwithstandardizedvalues
usedto calibratethe flowprobe.Anyanimalpreparationnot
meetingthesecriteriawasexcludedfromstudyandthe exper-
imentterminatedat that time.
Proximalto the flowmeter, a smallneedlewas carefully
positionedin the artery to allowinfusionof CNP or saline
solutionto the coronarycirculation,Eachdogalsounderwent
placementof polyethylenecatheters into the left femoral
arteryandvein.ThefemoraIarterycatheterwasconnectedto
a fluid-filledStathamtransducerfor measurementof arterial
pressure.A leftventricular(LV)catheterwasadvancedfrom
the right femoral artery into the LV and connectedto a
Stathamfluid-filledtransducerto measureLV pressureand
allowcalculationof its firstderivative,dP/dt.A 6F pigtailLV
catheterwasusedin the firstseriesof experimentsand a high
fidelityMillarpressuretransducerLV catheter in all subse-
quentexperiments.A balloon-tipped,flow-directedpulmonary
arterycatheterwasadvancedthroughthe left externaljugular
veinfor measurementof rightheart pressuresand for calcu-
lationofcardiacoutputbyusingthe thermodilutiontechnique
(AmericanEdwardsLaboratories,Inc.). Cardiacoutputwas
recordedas the averageof four measurements.Continuous
recordingsof coronaryblood flow,mean arterial pressure,
right atrial and pulmonaryartery pressure and LV end-
diastolicpressurewereperformedona model2200Gouldstrip
recorder.
After surgicalinstrumentation,each dog underwentan
equilibrationperiod to establishand ensure stabilityof the
preparation.Each animal received a systemicintravenous
infusionof normalsalinesolutionat 2 ml/minand an intra-
coronaryinfusionofnormalsalinesolutionat 1ml/minduring
the equilibrationperiod. The intravenoussaline infusion
servedto replaceinsensitiveand urinaryfluidlossesand the
intracoronaryinfusionservedas a vehiclecontrolduringthe
baselineperiodto preventconfoundingof coronaryflowdata
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by an intracoronaryinfusion.The equilibrationperiod was
followedby a baselineperiod for measurementof cardiac
hemodynamicdata, mean arterial pressure,coronaryblood
flowand dP/dtand by two successive45-minperiodsduring
whichintracoronaryCNP was administeredin two stepwise
doses,5 and20rig/kgper min.Theintracoronaryinfusionrate
ofthepeptidewasconstantat 1ml/minduringbothperiodsof
druginfusion.Coronarybloodflowwascontinuouslyrecorded
duringeachperiod,and cardiachemodynamicvariableswere
measuredat themidpointandendofeachinfusionperiod.The
20-ngJkgper min infusionwasstartedimmediatelyaftercom-
pletionof the 5-rig/kgper min infusion.The infusiondoses
were basedon data from previousstudies(3,4)that demon-
strated potent in vivoresponsesto CNP. No dog had any
cardiacrhythmabnormalitiesduringthe intracoronaryCNP
infusion.
HS-142-1protocol.In a second series of experiments,
we tested the actionsof intracoronaryHS-142-1on CNP-
mediatedcoronaryvasodilation.Becauseof the need for a
continuousintracoronaryHS-142-1infusion,we utilizedan
intracoronarybolus(100rig/kg)of CNPrather than an intra-
coronaryinfusionasinthefirstseriesofexperiments.Thedose
of CNPwas basedon data frompreviousstudieswith CNP
(3,9) modifiedby preliminarypilot data that demonstrated
efficacy.Thedoseof intracoronaryHS-142-1(0.25m@g) was
basedon previousworkthat demonstratedexcellentblockade
of the natriureticpeptide-linkedparticulateguanylatecyclase
system(15).Studieswereconductedin sixmongreldogswith
use of the openthoracotamymethoddescribedearlier.Basal
corona~ bloodflowdid not significantlychangein the pres-
enceofintracoronaryHS-142-1(33t 4ml/minbeforevs.40t
2 ml/minwithHS-142-1,p = NS).In additionto intracoronary
CNP,weadministeredan intracoronarybolusof acetylcholine
(1 n@g) to serve as a control agent and to excludea
nonspecificinhibitoryactionbyHS-142-1oncoronaryvasomo-
tor function.All hemodynamicmeasurementswere made as
describedbefore.At least 15minelapsedbetweenperiodsto
allowcompletewashoutof the tested peptideor substance.
Thisintervalwasconsideredadequatebecausethe half-lifeof
CNPandHS-142-1isgenerallybelievedto be =2 mininvivo.
L-NMMAprotocol,In a thirdseriesof experiments,intra-
coronaryNG-monomethyl-L-arginine(L-NMMA)wasinfused
at a dose(10pgkg per rein)previouslydemonstratedto inhibit
intracoronarynitricoxidesynthaseandconfirmedinpilotwork
to attenuate acetylcholine-mediatedcoronaryvasodilation.
Coronaryflowand cardiachemodynamicvariablesweremea-
sured,as before,in fivemongreldogs.Coronaryarterydiam-
eterwasmeasuredbypiezoelectricrystalsplaceddistalto the
infusioncatheterin the isolatedcoronaryarterypreparations.
The intracoronaryL-NMMAinfusionwasfollowedby intra-
coronaryinfusionof L-arginine(1 mglkgper rein)to reverse
the effectsof L-NMMAon the coronarynitricoxidesystem.
Again,>15 minwasallowedto elapsebetweenperiods.
Immunohistochemicalprotocol.Epicardialcoronaryarter-
ies were obtainedfrom sevendogs.Theywere preparedas
previouslydescribed(12),and half of the vesselsunderwent
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Figure1. Representativedose-responsecurveto cumulativeconcen-
trationsof CNPin a vesselwithandwithoutendothelium.M =
. WO= washout.mol/liter;PGF2.,P~,= postaglandinFz..lPh~,
endothelialdenudation.Alltissuespecimensweretlxedin 10’%
bufferedformalin,embeddedin paraffin,sectionedat 6 ~m
intervalsand stainedfor CNP, as previouslydescribed,with
CNPantibodyobtainedfromPeninsulaLaboratories.Normal
rabbit serum was used for control. There was no cross-
reactivitybetweenthe CNPantibodyandANPandBNP.The
slideswere independentlyreviewedand interpretedby two
investigators.Slidemagnificationis at X1,000.
Statisticalanalysis.Data are expressedas meanvalue f
SEM.Data were analyzedand consideredsignificantwith a
two-tailedp value < 0.05.Paired t testingwas utilizedto
compareindividualinterventionperiodswith controlvalues
and repeatedmeasuresanalysisof variance;the Fisherleast
significancetestwasutilizedformultiplecomparisonsin the in
vivo studies.Paired and unpaired t testing, corrected for
multiplecomparisons,wasutilizedfor analysisof the in vitro
experiments.
Results
In vitroresponses.Figures1and2 illustrateCNP-mediated
relaxationof the isolatedprecontractedepicardialcoronaryar-
teriesin the organchamberpreparation.A representativedose-
responsecurveutilizinga single-vesselpreparationwith and
withoutheendotheliumisillustratedinFigure1.Theresponsein
fivearterialringstothemaximalCNPdoseisillustratedinFigure
2. CNP mediatedpotent relaxationin the isolatedepicardial
coronaryarteriesin the presence(45.9* 7Y0,p < 0.05)and
absence(72.0f 770,p < 0.05)of the intactendothelium.In
addition,thevasorelaxingactionofCNPwasindependentofand
actuallyenhanced(p < 0.05)by removalof the endothelium.
Table 1 reportsthe dose-responseand medianeffectivedose
ED50dataforCNP-mediatedrelaxation.CNPmediatedminimal
vasorekxationat lowconcentrations(–) logmol/literof –10and
–9.0) and tendedto mediateits actionsat the –8.0 and –7.0
–logmol/literdoses.TheED50ofCNP-mediatedvasorelaxation
was7.2(–)logmol/literand7.4(–)logmol/literforvesselswith
and withoutan intactendothelium,respectively.Therewasno
statisticalditlerencefortheED50valuesbetweenvesselswithand
withoutan intactendothelium.
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Figure2.ResponseofisolatedcoronaryarteriestomaximaldoseCNP
(1 x 10-7molfliter)in the presenceand absenceof an intact
endothelium.*p<0.05versusbaseline.tp <0.05versusvesselswith
an intactendothelium.
In vivoresponses.Figure3 and Table2 report the hemo-
dynamicdatafromthe in vivoCNPadministration.Intracoro-
naryCNPincreasedcoronarybloodflowandreducedcoronary
vascularresistanceat both infusiondoses.CNP infusiondid
not alter cardiac output, atrial fillingpressures,coronary
perfusionpressureor systemicvascularresistance,but it was
associatedwith a smallbut significantincrease in cardiac
contractility(as assessedby an increasein dP/dt)at the low
dose.CNPappearedto increasecontractilityat the highdose,
but the p valuewas slightlynonsignificant(p < 0.08)when
correctedfor multiplecomparisons.Most likely,this finding
representsa typeII statisticalerror ratherthana lackofeffect
byCNP.CNPwasmeasuredin arterialplasmaand in plasma
obtainedfromthe coronarysinusof eachdogbeforeinfusion
of peptide and at the maximalinfusiondose. Preinfusion
valuesof CNPwerecomparablein the coronarysinus(6.9 t
0.8 ng/dl)and descendingaorta (8.8 f 1.9 ng/dl,p = NS),
demonstratingno cardiacstepupof CNP as existsfor ANP.
PostinfusionCNPvalueswereat least 10-foldhigherin each
samplesite,demonstratingthe pharmacologiceffectsof exog-
enousCNP.
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Figure3.Coronarybloodflow(CBF)andcoronaryvascularresistance
(CVR)responsestoCNP.CNP-5andCNP-20= responsesata CNP
infusionrateof5and20nglcgperrein,respectively.*p<0.05versus
baseline.
Modulationof coronaryparticulateguanylatecyclasesys-
tem. Figure4 illustratesthe actionof intracoronaryHS-142-1
on CNP and acetylcholine-mediatedcoronaryvasodilation.
CNPmediatedpotentincreasesin coronarybloodflow,which
was significantlyattenuatedin the presenceof intracoronary
HS-142-1(p <0.05 vs.CNPbolusbeforeHS-142-1).During
the recoveryperiod,CNP-mediatedcoronaryvasodilationwas
restored.Acetylcholineadministrationresultedin potentcor-
onaryvasodilationthatwasnot attenuatedbythe presenceof
intracoronaryHS-142-1.In addition,treatmentwithintracoro-
naryHS-142-1wasnot associatedwithanysignificantchange
in cardiachemodynamicvariables(Table3) or basalcoronary
blood flow (33 f 4 ml/minbaselinevs. 40 t 2 ml/min
HS-142-1,p = NS).The lackof attenuationof acetylcholine-
mediatedcoronaryvasodilationbyHS-142-1andthe lackofan
effectof HS-142-1on basalcoronaryflowestablishthe lackof
a generalizedtoxiceffectof HS-142-1on coronarytone and
coronaryffowreserve.
Wetestedthe actionof HS-142-1on CNP-mediatedrelax-
ationof epicardialcoronaryvessels.Figure5 illustratesthese
results.CNPmediatedpotentrelaxationofepicardialcoronary
Table1. C-TypeNatriureticPeptide-MediatedCoronaryRelaxation
(-) logmol/liter ED~O
10 9 8 [(-)@
Endothelium (%relaxation) (%relaxation) (%relaxation) (%rel~ation) mollliter]
Present(n = 5) o ~ 0% o? o% 18? 8% 46~ 7%* 7.220.3
Absent(n = 5) o * ()% 08 ~ 0,1% 27~ 7% 72~ 7%* 7.4? 0.2
*P<0,05 versus(–) logmo~iter10.Datapresentedare meanvalue* SEM.ED50= medianeffectivedose.
JACCVol.28,No.4
October1996:1031-8
WRIGHTETAL.
CNPIN CANINECORONARYCIRCULATION
1035
Table2. CardiacHemodynamicResponsesto C-Type
NatriureticPeptide
Baseline CNP-5 CNP-20
CO(liters/rein) 1.9t 0.2 2.0&0.2 1.9? 0.1
PCWP(mmHg) 4~1 421 5~1
CPP(mmHg) 95* 9 100~ 12 105? 10
SVR(mmHgilitersperrein) 52~ 6 51~ 6 56~ 4
dP/dt(AmmHg/s) 2,645? 129 3,120* 126” 2,851t 163
*p<0.05versusbaseline,CNP-5andCNP-20= intracoronaryinfusionof5
and20mgkgperrein,respectively,ofC-typenatriureticpeptide;CO= cardiac
output;CPP= coronaryperfusionpressure;dP/dt= maximalrate ofriseofleft
ventricularsystolicpressure(contractility);PCWP= pulmonarycapillarywedge
pressure;SVR= systemicvascularesistance.
vesselsin the presenceand absenceof endothelium,further
supportingan endothelialcell-independentactionof CNP.In
the presenceof HS-142-1,therewassignificantattenuationof
CNP-mediatedvasorelaxationof isolatedprecontractedepi-
cardialcoronaryarteriesin the presence(56 t 7’%vs. 18 t
6%*)and absence(61 t 6% vs.25 ~ 7%*)of endothelium
(*p z 0.05CNPalonevs.CNP + HS-142-1).
Modulationof corouary nitric oxide synthase system.
Table 4 summarizesthe modulatingeffectsof the coronary
nitricoxidesynthasesystemon CNP-mediatedcoronaryvaso-
dilation.Infusionof intracoronaryL-NMMAdid not affect
CNP-mediatedcoronaryvasodilation.In addition,intracoro-
nary L-NMMAdid not alter basal coronaryflow,coronary
diameter,cardiacoutputor systemicvascularesistance.There
wasa nonsignificanttrend for coronaryvascularresistanceto
increasewithintracoronaryL-NMMAinfusion.Basalcardiac
contractilitydecreasedslightlybut significantlywithintracoro-
naryL-NMMA
Figure6,A throughD, illustratesthelocalizationofCNPin
the coronarycirculation.CNP is localizedin the smooth
muscleandendothelium(panelsA andB) ofa controldog.In
a representativeartery taken from a dogwith intracoronary
infusionof CNP,thereismoreintensestainingof CNPin the
coronarysmoothmuscle(panel C). A nonimmunecontrol
vesselstainedwithnormalrabbitserumwasnegativefor CNP
(panelD).
Discussion
The coronarycirculationis a complexcirculatoryunit
regulatedbyseveralendogenousvasodilatorandvasoconstric-
tive mechanisms(16).Recent studies(16)have emphasized
the importanceof endothelialcell-derivedsubstanceslike
nitric oxide, endothelialcell hyperpolarizationfactor and
prostacyclinas potent coronaryvasodilators.The localization
of the CNP receptorto cardiactissueand vascularsmooth
musclesuggestsa potentialrole for CNPas a vasodilatorfor
the coronarycirculation.Our hypothesisthat CNP would
functionas a coronaryvasodilatorwasconfirmedby the data
from this study.We also found that CNP appears to act
throughactivationofparticulateguanylatecyclase,linkingthe
ACBF(mlhnin)
Baseline is Recovery
“p<o.05 vs pre-CNP value,
tpcO.05 vs HS period.
ACBF(dhnin)
.
-r
75-1 I
.
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‘p<O.05 vs pre-ACh value
Figare4, Responseofcoronarybloodflow(ACBF)to anintracoro-
narybolusofCNP(100ngkg,upperpanel)andacetylcholine(Ach,1
rig/kg,lowerpanel)intheabsence(baseline,recovery)andpresence
(HS)of intracoronaryinfusionofHS-142-1.*p<0.05 versusvalue
beforeCNPor acetylcholinebolus.Tp<0.05baselineandrecovery
periodsversusHSperiod.
coronaryvasodilationof CNPto the secondmessengercyclic
guanosinemonophosphate(cGMP).
Intracorona~ actions. Intracoronaryinfusionand bolus
injectionsof CNP were associatedwith increasedcoronary
blood flow and reduced coronaryvascularresistance.The
mechanismby which CNP mediated coronaryvasodilation
involvedactivationof particulateguanylatecyclase,as was
demonstratedbyuseof an NPR-Binhibitor,HS-142-1.Previ-
ousstudies(8)havedemonstratedthepresenceof the NPR-B
receptorsubtypeincardiactissueandvascularsmoothmuscle.
Other coronaryvasodilators,includingnitricoxide(17), so-
diumnitroprusside(17)andisosorbidedinitrate(18),mediate
coronaryvasodilationthroughactivationof cGMPbywayof
solubleguanylatecyclase.Specificevidencefor a directmech-
anisticlink betweencoronaryvasodilationand activationof
particulateguanylatecyclaseby the NPR-Breceptorcomes
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Table3. CardiacHemodynamicResponsestoHS-142-1
Baseline HS-142-1 Recovery
CO(liters/rein) 2.7* 0.3 2.6~ 0.2 2.5? 0.1
PCWP(mmHg) 5*1 5~2 6~2
CPP(mmHg) 100? 9 100? 7 101t 9
SVR(mmHg/litersper rein) fjg~ 10 (jg* 1(J 70* 10
CBF(ml/min) 33* 4 37~ 6 43* 5
ACVR(AmmHg/mlper rein) –1.4t 0.3” –05 ~ O.lt –0.9i O.1*
*p <0.05 versusvaluebeforeCNPbolus.~p <0.05 versusbaselinevalue.CBF= basalcoronarybloodflow;
ACVR= changein coronaryvascularesistance;otherabbreviationsas inTable2.
from the currentobservationswith HS-142-1.HS-142-1is a
knowninhibitorof the particulateguanylatecyclasesubunit,
whichis internallylinkedwiththe NPR-Aand NPR-Brecep-
tors (13).
In the presentstudy,intracoronaryadministrationof HS-
142-1selectivelyattenuatedCNP-mediatedcoronaryvasodila-
tionwithoutalteringacetylcholine-mediatedcoronaryvasodi-
lation. This observation suggests that a mechanism of
CNP-mediatedcoronaryvasodilationis indeed through a
cGMP-linkedresponsesecondaryto activationof particulate
guanylatecyclasebywayoftheNPR-Breceptor,andit extends
earlier observations(19) that demonstratedCNP-mediated
productionofcGMPinvascularsmoothmuscle.Thelackofan
effectofHS-142-1on acetylcholine-mediatedcoronaryvasodi-
lationalsosupportsa specificactionbyHS-142-1on inhibiting
cGMP productionfrom activationof particulate guanylate
cyclasebyCNPratherthanthrougha generalizedinhibitionof
cGMPwithinthe coronarycirculation.Acetylcholinestimu-
latescGMPproductionthroughactivationofsolubleguanylate
cyclasebywayof nitricoxide(20),andthispathwayremained
intactin the presenceof HS-142-1.The currentfindingsthus
demonstratethat CNPmediatesitsvasodilationthroughacti-
vationoftheparticulateguanylatecyclasesystem.Inhibitionof
activationof the particulatesystemdidnot alter the abilityof
nitricoxideto mediatecoronaryvasodilationthroughactiva-
tionof the solubleguanylatecyclasesystem.Thus,the current
investigationsupportsa roleforat leasttwoseparatepathways
for cGMP-mediatedcorona~ vasodilationthroughactivation
of the solubleand particulateguanylatecyclase-dependent
systems.
CNP appearsto mediatecoronaryvasodilationpredomi-
nantlyat the levelof the coronaryresistancevessels,as was
demonstratedbythe lackof a significantchangein epicardial
coronarydiameterduringCNP-mediatedincreasesincoronary
bloodflowand CNP-mediateddecreasesin coronaryvascular
resistance.This observationsuggestsa predominantCNP
actionin the nonepicardialresistancevessels,and it is consis-
tent with the long-standingrecognitionthat the coronary
resistancevesselsaccountfor the majorautoregulatorycapac-
itywithinthe coronarycirculation.The doseof CNPused to
achievethiseffectwasclearlypharmacologic,as wasdemon-
strated by our measuringof plasmalevelsbefore and after
infusionof CNP.Wewereunableto clearlyascertainthe role
of endogenousCNP in mediatingcoronaryvasodilationbe-
causeof the lack of specificityof HS-142-1in blockingthe
NPR-Breceptoralone.HS-142-1isa nonspecificantagonisto
boththeNPR-AandNPR-Breceptors.To fullytestthe roleof
endogenousCNPon basalcoronaryflow,one wouldneed a
specificantagonistto the NPR-B receptor to excludeany
countermodulatoryrolesof ANP and BNPon basalcoronary
flowthroughactivationof the NPR-Areceptor.Additionally,
the inconsistencieswithinbasalcoronaryflowvaluesreflected
in Tables3 and 4 when comparedwith valuesin Figure3
simplyreflectthe variabilityof differentanimalpreparations
duringtestingat differentstagesof this study.What is most
reassuringin thesedatais theconsistencyof CNPin augment-
ing basalcoronaryflowdespitesuchvariability.This finding
servesto reinforceour observationsabout CNP as a potent
exogenouscoronaryvasodilator.
Organchamberobservations.Of additionalsignificanceis
the findingthat CNP also mediatedpotent coronaryvasore-
laxingactionsin the organ chamber in isolatedepicardial
Table4. CardiacHemodynamicResponsesto L-NMMAInfusion
Baseline2: Baseline3:
Baseline1 CNP L-NMMA L-NMMA+ CNP L-Arginine Argirrine + CNP
CBF(ml/min) 93* 11 123~ 14” 91~ 11 132t 157 89~ 15 117L 16$
CD(~mol/liter) 43L 2.4 44~ 23 43~ 2.3 43f 2.2 42~ 2.9 42~ 27
CVR(mmHg/mlper rein) 1.46f 0.2 1.09t 0.1’ 1.54* 0.2 1.04t O.lt 1.61* 0.3 1.15i 0.2$
CO(liters/rein) 21 ~ (),2 2.0? 0.2 2.0? 0.2
CPP(mmHg) 128? 9 130t 9 123? 7
dP/dt(AmmHgk) 1,910t 188 2,068f 145* 1,752t 183* 1,890t 179 1,694* 162* 1,752? 231
SVR(mmHg/mlperrein) 65~ 8 70~ (J (j(jf 9
*p<0.05versusBaseline1.fp <0.05versusBaseline2.~p<0.05versusBaseline3.CD= coronarydiameter;CNP= C-typenatriureticpeptide;CVR= coronary
vascularesistance;L-NMMA= N’-monomethykarginine;otherabbreviationsas inTables2 and3.
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EC =intact endothelium.
coronaryarteries. In the isolatedorgan chamberrings,we
demonstratedthat CNPmediatedpotentrelaxationofepicar-
dial coronaryarterieswhetheror not the endotheliumwas
intact.Indeed,in the initialset of experiments,the actionsof
CNPwereenhancedinde-endothelializedrings.Thisenhance-
mentwasnot observedin the secondseriesof controlringsin
theHS-142-1study,but the importantobservationisthatCNP
playsa directroleasa coronaryvasodilatorthat isindependent
of the presenceof a functioningendothelium.The coronary
vasodilatorpropertiesofCNPappearimportantlylinkedto the
productionofcGMPbywayofparticulateguanylate yclasein
the organ chamberexperimentsbecausepreincubationwith
HS-142-1significantlyattenuated CNP-mediatedvasorelax-
ation.This findingconfirmsthe observationof a particulate
guanylatecyclase-linkedmechanismfor CNP-mediatedcoro-
naryvasodilationin the intracoronaryinfusionexperiments.
Impactofcoronarynitricoxidesynthasesystem.Blockade
ofthecoronarynitricoxidesynthasesystemwithL-NMMAdid
notaffectthecoronaryvasodilationofCNP.Thisfindingisnot
surprisingbecauseCNP binds to a receptor that generates
cGMPby way of particulateguanylateeyclase,whereasthe
coronarynitricoxidesystemworksthroughthe solubleguan-
ylatecyclasesystem.However,boththeparticulateandsoluble
guanylateeyclasesystemsfunctionthroughgenerationof in-
tracellularcGMP,and both are potentvasodilators.The data
from the current investigationsupport their independent
mechanismsof action.Blockadeof the intracoronarynitric
oxidesynthasesystemdid alter the responseof cardiaccon-
tractilityto CNP. IntracoronaryL-NMMAreduced cardiac
contractility(dP/dt) and attenuated the abilityof CNP to
significantlyincreasedP/dt.PerhapsCNP acts in a paracrine
mannerto altercontractilityor simplystimulatesgreaterflow
andsheerstress,whichthenactthroughnitricoxideformation
to altercontractility.Theincreasein contractilitycouldalsobe
a directactionof intracoronaryCNPon ventricularmuscle,or
it may be indirectlyrelated to a generalizedincrease in
coronarybloodflow,aswiththe Greggphenomenon(21,22).
The increasein contractilitycouldalsobe secondaryto CNP
activationofan intermediatesubstancethataugmentscontrac-
tility.Recently,Pauliset al. (23)demonstratedthat the coro-
nary endotheliumalters cardiaccontractilityin a paracrine
manner,and Hare et al. (24)demonstratedthat nitricoxide
may contributeto the beta-adrenergichyporesponsiveness
observedin advancedheart failure. Our data suggestan
interactionbetweenCNP and the coronarynitricoxidesyn-
thasesystemwithregardto controlofmyocardialcontractility.
Implications.The presentinvestigationdemonstratesthat
CNPfunctionsasa eoronaryvasodilatorindependentofanintact
vascularendothelium.TheinvitroobservationsthatCNPmedi-
Figure 6. Four representativephotomicrographs
at x1OOmagnification.4 CNP stainingin the
smoothmuscleofan epicardialcoronaryartery.B,
CNP stainingin the endotheliumof a coronary
arteriole.C, IntenseCNPstainingin the smooth
muscleof a CNP-perfusedcoronaryartery. D,
Controlvesselstainedwithnormalrabbitserum.
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atescorona~relaxationin thepresenceandabsenceofanintact
endotheliumand that administrationof HS-142-1attenuates
CNP-mediatedcoronaryrelaxationinbothconditionsupporta
roleforCNPasa directcoronarysmoothmusclevasodilator.In
addition,thecurrentinvestigationdemonstratesthata functional
endotheliumis not essentialfor the actionof CNP.Thisobser-
vationconfirmspreviousreports(3)ofenhancedCNPvasorelax-
ationin peripheralvesselswithoutan endotheliumand extends
thosefindingsbydemonstratingpotentCNP-mediated,endothe-
lialcell-independentvasorelaxationi thecoronaryvasculature.
ThisdistinctionseparatesCNPfromthe coronarynitricoxide
system,whichrequiresa normallyfunctioningendotheliumto
allowgenerationofnitricoxide(24,25).
The demonstrationthat CNPmediatesits actionsindepen-
dentof a functionalendotheliumisconsistentwithrecentwork
establishingendothelialcell synthesisand secretionof CNP
(9-11)andidentiljkrgthe receptorforCNPinvascularsmooth
muscle(8).Thecurrentobsewationsthereforesupporta hypoth-
esis that CNP is secretedby coronaryendotheliumand acts
througha paracrinemechanismonthecoronarysmoothmuscle,
muchlikeendothelinandnitricoxide(16,2.5).Ourobservations
also supporta role for exogenouslyadministeredCNP as a
corona~vasodilatorwhoseactionsresemblethoseofnitrovaso-
dilatorsin thecoronarycirculation(20,26).In addition,wehave
demonstratedlocalizationof CNPto coronaryendotheliumand
smoothmuscleby immunohistochemicalstaining.The localiza-
tionofCNPto thecoronarycirculationbythismethoddoesnot
definitivelydistinguishbetweenlocalsynthesisofC-m andbind-
ingofcirculatingCNP,butit doesestablishthepresen~ofCNP
in the coronarycirculationand supportsa role for CNP as a
paracinemediatorwithinthecoronmycirculation.
Summary.In summary,the current investigationdemon-
strates that CNP is a potent in vivoand in vitro coronary
vasodilator.It also demonstratesthat the in vitro actionsof
CNP are independentof a functionalendothelium.CNP
mediatesits coronaryvasodilationthroughactivationof par-
ticulateguanylatecyclaseand is independentof the coronary
nitric oxidesynthasesystem.CNP may have a role as an
exogenouscoronaryvasodilator.
WeappreciatethetechnicalassistanceofVirginiaM.Miller,PhDwiththeorgan
chamberexperimentsandof RolandR. Brandt,MDwiththesonomicrometric
studies.
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